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ABSTRACT 

The  heat  of  reaction,  degree  of  cure,  and  viscosity  of  Hexcel  8552  and  Cytec  Fiberite  977-3  HM 
neat  resins  were  measured  using  a  modulated  differential  scanning  calorimeter  and  a  rheometric 
digital  analyzer.  Expressions  were  developed  using  isothermal  tests  for  correlating  the  rate  of 
degree  of  cure  and  the  viscosity  with  the  degree  of  cure  using  a  Lee,  Loos,  and  Springer 
approach.  The  models  were  exercised  to  predict  the  kinetic  behavior  of  the  resins  using 
respective  manufacturer  cure  cycles.  Data  were  collected  and  good  correlation  was  found  with 
the  model.  In  addition,  kinetic  behaviors  of  these  systems  were  compared  to  Hercules  3501-6 
data.  A  second  study  was  also  performed  to  investigate  cure  models  developed  based  on  neat 
and  prepreg  forms  of  the  resin.  Vastly  different  viscosity  behaviors  were  found  indicating  further 
physical  insights  are  necessary  to  account  for  fiber/resin  content  and  material  properties 
difference. 
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INTRODUCTION 

Analytical  models  describing  cure  kinetics  of  thermosetting  resins  have  been  developed  in  recent 
years  (references  1  and  2)  and  accurately  predict  processing  behavior  of  fiber-reinforced  organic 
matrix  structures.  More  advanced  thermosetting  resins  for  prepreg  applications  have  been 
developed  in  recent  years.  These  new  materials  offer  higher  strength,  stiffness,  and  damage 
tolerance  for  structural  applications.  Two  newer  epoxy  resins  are  studied  in  this  report:  Hexcel 
8552  and  Cytec  Fiberite  977-3  HM.  To  describe  these  resins  analytically,  their  kinetics 
behaviors  are  studied  in  this  report  and  compared  to  Hercules  3501-6. 

EXPERIMENTAL  PROCEDURE 

The  heat  of  reaction  and  the  degree  of  cure  were  measured  using  a  modulated  differential 
scanning  calorimeter  (MDSC).  A  neat  resin  sample  ranging  from  8  to  12  mg  was  encapsulated  in 
a  standard  aluminum  sample  pan.  The  encapsulated  sample  was  placed  on  an  MDSC  sample 
platform  under  isothermal  temperature  conditions  in  a  nitrogen  environment  of  50  ml/min  flow 
rate  and  applying  a  modulated  temperature  of  ±1.5°C  cycle  every  60  sec  from  the  sample  was 
measured  as  a  function  of  time.  For  8552  resin,  isothermal  tests  were  performed  at  140°C, 
150°C,  160°C,  and  170°C,  while  dynamic  test  was  performed  from  100°C  to  280°C  at  the  rate  of 
3°C/min.  For  977-3  HM  resin,  isothermal  tests  were  performed  at  160°C,  170°C,  180°C,  and 
200°C,  while  dynamic  test  was  performed  from  100°C  to  280°C  at  the  rate  of  3°C/min.  The 
following  expressions  from  the  Lee,  Loos,  and  Springer  approach  were  used  (reference  1). 

The  total  heat  of  reaction,  HR,  was  calculated  by  the  expression: 

<» 

where  tf  is  the  time  required  to  complete  the  reaction  during  dynamic  heating. 

The  amount  of  heat,  H,  released  up  to  time  t  was  determined  using  the  rate  of  heat  generation 
measured  during  the  isothermal  scanning  experiments.  The  rate  of  heat  generation  was  plotted 
versus  time  and  the  area  under  the  curve  provided  the  amount  of  heat  released: 


The  degree  of  cure,  a,  is  defined  as: 
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The  rate  of  degree  of  cure,  da/dt,  is  calculated  by  the  expression: 


da  dO 
—  =  F^-)/tf„ 
dt  dt 


(4) 


where  the  rate  of  heat  generation  dQ/dt  is  provided  by  the  measurements. 

The  viscosity  measurements  for  8552  and  977-3  resin  were  made  using  a  Rheometric  Dynamic 
Analyzer  II  (RDA  II)  using  aluminum  parallel  plates.  The  radius  of  the  plates  was  25.0  mm  and 
the  gap  between  the  plates  was  0.8  mm.  The  disc  oscillated  at  1.0  Hz  while  5%  strain  was 
applied.  The  viscosity  was  measured  at  140°C,  150°C,  160°C,  and  170°C  for  Hexcel  8552  resin, 
and  150°C,  160°C,  170°C,  180°C,  and  200°C  for  Cytec  Fiberite  977-3  resin.  Viscosity 
measurements  for  8552  and  977-3  HM  were  also  made  based  on  optimal  cure  schedule  provided 
by  the  manufacturers. 


RESULTS  AND  DISCUSSION 


GENERAL 


Data  measuring  the  rate  of  heat  generation,  dQ/dt,  were  generated  in  dynamic  scanning 
experiments.  The  total  heat  of  reaction  of  the  resin  was  determined  using  Equation  1  and  gave  the 
following  values: 


Hr=491  J/g  (Hexcel  8552)  (5) 

Hr= 362  J/g  (Cytec  Fiberite  977-3  HM) 

Hr= 473.6  J/g  (Hercules  3501-6  HM)  (reference  1) 


DEGREE  OF  CURE 


The  degree  of  cure  and  the  rate  of  degree  of  cure  were  determined  from  the  results  of  the 
isothermal  scanning  experiments.  From  the  measured  values  of  dQ/dt,  the  heat  released  H  up  to 
time  t,  the  degree  of  cure  at  time  t,  and  the  rate  of  degree  of  cure  da/dt  at  time  t  were  calculated 
using  equations  (1)  through  (4).  Measured  results  are  shown  as  data  points  in  figure  1. 
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Figure  1:  Rate  of  Degree  of  Cure  Versus  Degree  of  Cure  for  977-3  Resin  at 
Various  Isothermal  Conditions 

In  this  investigation,  the  following  cubic  expression  was  found  to  describe  the  data  well: 

^-  =  Kla3-K,a2  +  K3a+K,a  (6) 

at 

where 

Ki=Aiexp( -AE/RT),  i=l,2,3,4  (7) 

In  equations  (6)  and  (7),  A,-  are  preexponential  factors,  AEt  are  the  activation  energies,  R  is  the 
universal  gas  constant,  and  T  is  the  absolute  temperature.  The  constants  Kj  were  obtained  by 
fitting  a  cubic  least  squares  curve  to  the  da/dt  versus  a  data.  The  values  of  A,  and  A£,  were 
found  by  fitting  straight  lines  to  the  natural  logarithmic  values  of  Kt  versus  1/T  using 
equation  (8).  The  values  of  these  constants  are  listed  in  table  1.  The  model  is  exercised,  and  the 
calculated  values  are  compared  with  the  measured  data,  as  illustrated  in  figure  1.  It  is  interesting 
to  note  that  the  model  does  not  fit  perfectly  for  isothermal  conditions,  despite  the  model  was 
obtained  from  the  data  measured  at  the  exact  same  temperatures.  This  is  due  to  the  mathematical 
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curve  fit  determination  of  the  activation  energy  constants,  and  the  preexponential  constants  are 
based  on  four  sets  of  temperature  data.  This  average  effect  will  give  a  close  approximation  to 
some  of  the  measured  data,  but  not  for  the  entire  set  of  data  obtained  originally. 

-A e  1 

ln(^.)  =  ln(A,)  +  (— -±)~,  i=l,2,3,4  (8) 

R  I 


Table  1:  The  Values  of  the  Constants  in  Equation  (6)  for  8552  and  977-3  Resin 


3501-6 
(reference  1) 

8552 

977-3  HM 

Ai  [sec1] 

3.50xl07 

1.67xl03 

1.64xl05 

A2  [sec1] 

3.36xl07 

-5.15xl03 

-2.19xl04 

Aatsec'1] 

3.27xl03 

1.04xl07 

1.90xl02 

A^sec'1] 

0 

0 

1.02xl05 

AE,  [J/mol] 

8.07xl04 

5.09x1 04 

6.92x1 04 

AE2  [J/mol] 

7.78xl04 

5.70xl04 

6.00x1 04 

AE3  [J/mol] 

5.66xl04 

9.07xl04 

4.61xl04 

AE4  [J/mol] 

0 

0 

7.60xl04 

VISCOSITY 


Sampled  measured  values  of  viscosity  //as  functions  of  time  of  977-3  HM  resins  are  shown  in 
figure  2.  Because  the  degree  of  cure  a  is  also  a  function  of  time,  the  viscosity  can  also  be 
expressed  in  terms  of  a. 
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Figure  2:  Measured  Isothermal  Viscosity  as  a  Function  of  Time  for  977-3  HM 

An  expression  was  sought  to  correlate  the  data  given  in  figure  2.  The  following  equation  was 
found  to  represent  the  data: 

//  =  juxexp(U  /  RT  +  Kxa2  +  K2a)  (9) 

where  //«,is  a  constant,  U  is  the  activation  energy  for  viscosity,  K}  and  K2  are  constants 
independent  of  temperature.  To  determine  the  constants,  equation  (9)  was  written  in  the  form: 

ln//  =  ln//M  +U/RT  +  K1a2  +  K2a  (10) 


where 


A  =  lnA„  +U/RT 

The  constants  Kh  K2,  and  A  parameters  were  found  by  fitting  a  quadratic  least  square  curve  to  the 
//versus  a  data  generated  at  a  constant  temperature.  Values  K}  and  K2  are  listed  in  table  2.  The 
values  of  A  are  plotted  as  a  function  of  the  inverse  of  the  absolute  temperature.  A  linear  least 
square  fit  to  A  values  versus  1/T  data  provided  the  values  of  //«  and  U  listed  in  table  2. 
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Table  2:  The  Values  of  the  Constants  in  Equation  (8)  for  8552  and  977-3  Resin 


3501-6 [1] 

8552 

977-3  HM 

K, 

14.1 

25.49 

11.10 

k2 

0 

-1.32 

0.81 

Poo  [Pa-s] 

7.93xl0'14 

8. 83x1  O'5 

3. 46x1 0'5 

U  [J/mol] 

9.08x1 04 

4.91xl04 

4.62xl04 

CURE  CYCLE  SIMULATION 


Kinetics  prediction  models  of  8552  and  977-3  HM  have  been  developed  in  the  previous  sections 
based  on  isothermal  tests  and  measurements.  Applicability  of  these  isothermal  models  to 
nonisothermal  heating  conditions,  i.e.,  manufacturer  cure  cycle,  are  important  in  terms  of 
manufacturing/processing  perspective.  Standard  manufacturer’s  cycles  for  both  8552  and  977-3 
were  used  to  test  the  accuracy  of  isothermal-based  models.  The  degree  of  cure  and  viscosity 
results  for  8552  resin  results  are  presented  in  figures  3  and  4,  respectively.  As  shown  in  figure  3, 
the  degree  of  cure  model  was  used  to  simulate  the  two-step  manufacturer  cure  cycle  up  to  the 
second  dwell  period  at  178°C.  Measured  data  are  represented  by  dots,  and  the  model  prediction 
by  a  straight  line.  The  degree  of  cure  model  calculation  was  performed  based  on  measured  time 
and  temperature  at  every  6  sec.  At  each  temperature,  da/dt  was  calculated  using  equation  (4)  by 
numerical  integration.  Good  correlation  was  found  between  the  model  and  the  measured  data. 
The  model  slightly  underestimates  the  measured  data  between  0.05>  a  >  0.18,  and  overestimates 
the  measured  data  between  0.75>  a  >  0.82.  The  slight  variation  could  be  due  to  the  change  in 
temperature  setting  at  the  end  of  the  first  step  (90  min),  of  the  cure  cycle,  and  the  beginning  of 
the  second  step  (130  min). 
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Figure  3:  Degree  of  Cure  Modeling  of  8552  Resin  Based  on  Manufacturer  Cure  Cycle 


Figure  4:  Viscosity  Modeling  for  Hexcel  8552  Based  on  Two-Step  Manufacturer  Cure  Cycle 
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From  the  known  values  of  temperature  (T)  and  the  degree  of  cure  (a),  viscosities  (ji)  based  on  the 
model  developed  were  calculated  using  equation  (7),  and  compared  to  rheological  measurements. 
The  results  are  presented  in  figure  4.  As  shown  in  figure  4,  the  viscosity  of  the  resin  decreases 
during  the  initial  ramp,  then  hold  constant  during  the  first  dwell  period  at  a  lower  temperature. 
After  undergoing  the  second  ramp  and  during  the  second  dwell  period,  the  resin  reaches  a 
minimum  point  of  viscosity  suitable  for  compaction  and  crosslinking  to  take  place.  Further 
addition  of  heat  increases  the  degree  of  cure  and  viscosity  dramatically.  The  rheological  data 
measured  agreed  well  with  model  prediction  to  the  minimum  point  of  viscosity  of  the  resin. 
However,  the  model  overestimates  the  measured  data  after  a  >  0.5  (140  min),  at  which  point  the 
viscosity  rises  as  the  mobility  of  the  resin  is  increasingly  restricted  by  intermolecular 
crosslinking.  This  difference  could  be  due  to  accumulated  error  in  the  finite  difference 
mathematical  approach  used  in  isothermal  models  to  predict  nonisothermal  behavior  of  8552.  It 
is  notable  that  most  isothermal  models  reviewed  (references  1  and  2)  do  not  predict  the 
rheological  behavior  during  initial  heating  and  after  resin  gelation  very  well,  which  generally 
occurs  when  the  thermoset  matrix  is  40-60%  crosslinked.  Similar  procedures  were  performed  for 
977-3  HM,  and  the  results  obtained  are  shown  in  figure  5.  The  9773-HM  viscosity  profile  is 
based  on  a  one-step  cure  cycle.  Good  agreement  was  also  found  between  the  data  and  the  model 
developed.  Slight  differences  due  to  similar  reasoning  were  also  observed  during  the  initial  heat 
up  (0-20  min)  and  after  the  resin  reaches  gelation  (after  85  min). 


Figure  5:  Viscosity  Modeling  of  977-3  HM  Based  on  One-Step  Manufacturer  Cure  Cycle 
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PREPREG  AND  NEAT  RESIN  MEASUREMENTS 


A  second  study  was  conducted  to  investigate  the  effect  of  using  prepreg  and  neat  resin  for 
investigation  of  viscosity  behavior  of  resin.  8552  neat  resin  model  was  used  to  compare  data  to  a 
five-ply  laminate  S2/8552  system.  The  results  are  shown  in  figure  6.  As  illustrated  in  figure  6, 
the  viscosity  profile  of  the  laminate  and  the  neat  resin  reveals  similar  rheological  behavior  during 
the  cure  cycle.  However,  the  isothermal  model  based  on  neat  resin  underestimated  the  viscosity 
magnitude  for  about  102  pa-s  before  gelation.  The  results  indicate  the  fiber  volume  has  a 
significant  effect  in  the  measurement  of  the  resin  flow  properties.  In  a  standard  rheometer  with 
parallel  plates,  resin  viscosity  measurements  are  made  based  on  the  strain  developed  when  a 
torsional  load  is. applied.  When  a  laminate  is  used  for  this  type  of  measurement,  the  fiber  will 
rotate  along  with  the  resin  during  the  cure.  As  the  viscosity  of  the  resin  begins  to  decrease,  the 
fiber  becomes  relatively  stiff  compared  to  the  resin,  and  acts  as  a  dry  friction  source  when  the 
parallel  plates  rotate.  Therefore,  it  is  reasonable  that  a  laminate  will  always  give  a  higher 
measured  viscosity  than  a  neat  resin  sample.  Consideration  should  be  given  to  which  viscosity 
measurement  is  more  suitable  for  modeling  a  specific  type  of  composite  processing  problems. 


Figure  6:  Viscosities  Measurements  of  8552  Resin  in  Neat  and  Prepreg  Form 
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CONCLUSIONS 

Analytical  models  for  predicting  degree  of  cure  and  viscosity  of  977-3  HM  and  8552  resins  have 
been  developed  based  on  isothermal  thermal  analysis  techniques.  The  resin  models  can  be  used 
to  model  the  cure  process  of  fiber  reinforced  composites  employing  977-3HM  and  8552  resins 
using  constants  determined  from  this  study  and  as  listed  in  tables  1  and  2,  respectively.  These 
models  were  validated  using  standard  manufacturer  recommended  cure  cycles.  Results  indicate 
good  correlation  to  experimental  measurements.  A  second  study  was  also  performed  to 
investigate  cure  models  developed  based  on  neat  and  prepreg  forms  of  the  resin.  The  viscosity 
measurements  based  on  prepreg  forms  were  significantly  higher,  up  to  102  times,  compared  to  the 
neat  resin  prediction.  The  results  indicate  that  the  presence  of  fiber  as  a  reinforced  composites 
constituent  plays  an  important  role  acting  as  a  source  of  dry  friction  during  the  rheological 
measurement.  Special  consideration  should  be  taken  when  choosing  the  type  of  measurement  to 
be  used  in  modeling  viscosity  of  a  resin-based  material. 
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